The developmental theory of ageing predicts a positive correlation between developmental time and adult longevity. Experiments that vary larval density and food level have been carried out to test this prediction. The results show differences in viability, developmental time, starvation resistance and adult longevity. It is concluded that pre-adult developmental time is not a causal factor for the determination of adult longevity in Drosophila melanogaster. The observed variation in adult longevity is discussed in relation to viability selection and changed adult physiology.
Introduction
Current theories of ageing can be roughly divided into two groups: evolutionary and non-evolutionary theories. The main evolutionary theories are the mutation accumulation (Medawar, 1952) and the negative pleiotropy theory of ageing (Williams, 1957) . Although quite distinct (Kirkland, 1989) , these theories are all based on the fact that the chances of survival of an individual decrease with age even in the absence of ageing. This means that the probability of reproduction will decrease with age and, therefore, the intensity of natural selection (Williams, 1957) . As a consequence, there will be a tendency for accumulation of beneficial mutations early in life and of deleterious mutations late in life. These deleterious mutations will become apparent only under conditions where mortality is low. According to evolutionary theories senescence evolved as a non-adaptive trait for which no direct selection in nature occurs (Kirkland, 1989) .
The developmental theory is the major non-evolutionary theory of ageing (Lints, 1978 (Lints, , 1988 . This theory links development to ageing. Muller (1963) has argued that development is a continuous process in which senescence forms the last stage and, consequently, spontaneous ageing is part of normal development and differentiation of an organism. The theory considers life-span as an epigenetically controlled trait,
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i.e. whose expression is linked to the regulation of gene function and differentiation. This may imply that development and ageing are directed by the same set of genes, i.e. development and longevity are genetically linked. Environmental interference in these particular aspects of development may then be reflected in the time of onset of ageing and/or variations in life-span. Experimental work with homeotherms (e.g. rats) and insects (e.g. Drosophila) seems to confirm the genetic relationship between development and longevity (for a review see Lints, 1978; Mayer & Baker, 1985) .
In this paper we report upon experiments on the effect of larval rearing conditions on adult life-span and starvation resistance. It has been shown that increasing larval density results in an increased adult lifespan (Miller & Thomas, 1958; Lints & Lints, 1969) . The positive correlation found between developmental time and adult longevity (Lints & Lints, 1969) is caused by the increase in developmental time with larval density (Bakker, 1961; Barker & Podger, 1970) . However, this relation is not necessarily a causal one. Because of the decrease in viability and adult body weight with increasing larval crowding (Bakker, 1961; Barker & Podger, 1970; Prout & McChesney, 1985) , viability selection during the pre-adult stage and/or a change in adult physiology induced during the pre-adult stage might be involved.
The purposes of this study are twofold: (1) to establish the effects of larval crowding on adult longevity, and (2) to determine whether the relation between preadult developmental time and adult longevity is a causal one or the result of viability selection and/or a change in adult physiology during the pre-adult stage. 
Materials and methods

Experiments
In experiment 1 (Table 1) flies were reared in vials with 8 ml of standard medium, which contained 32 g dead yeast, 54 g sugar, 17 g agar, 13 ml nipagine solution (10 g nipagine in 100 ml 96 per cent ethanol; to avoid mould) and 250 mg streptomycin (to avoid bacterial growth) per litre. Four egg-densities were used, ranging from 50 to 350 eggs per vial (indicated as D50 etc.; Table 1 ). It can be seen that with increasing density, the available amounts of yeast and sugar per egg decrease. Experiment 1 was carried out twice. The first time the The second time the experiment was carried out to determine the effect of crowding on adult starvation resistance in relation to fat content using the methods developed in the pilot experiment. In experiment 2 (Table 1) food effects (Part A, A3 to AB) and density effects (part B, AB to B3) of crowding were investigated. In part A egg-density was held constant, but the amounts of yeast/egg and sugar/egg were applied in such a way that food levels corresponded with the food levels in experiment 1 (Table 1 ).
In part B the egg-density was increased as in experiment 1, but the amount of yeast per egg was held constant (Table 1) . This meant that extra yeast had to be added to the medium. The sugar level, however, could not be increased because the osmotic pressure of the medium would have become too high for normal larval development (David et al., 1983) . As a result the amount of sugar per egg was the same as in experiment 1 (Table 1 ).
In experiment 2 there was an additional group of larvae (denoted C), which were allowed to feed on standard food (set up with 50 eggs/vial) for a period of 60 h before they were transferred into groups of 25 to vials containing only agar. This larval feeding period is known to reduce adult body weight in both sexes by about 50 per cent, whereas more than 80 per cent of the transferred larvae will survive to adults (Bakker, 1961) .
Egg collecting
To obtain eggs, 40 groups of about 30 pairs of flies were allowed to lay eggs on standard food. In experiment 1 a 15-h and in experiment 2 an 8-h laying period was used. After oviposition eggs were distributed over vials in the desired densities. At eclosion all flies were collected as virgins and throughout the experiments sexes were kept apart. Viability (egg-to-adult survival) was measured as the ratio of the total number of emerged flies to initial egg density of vials. Mean viability could be calculated over vials in each experimental group. For statistical analysis, angular transformation was applied to viability data.
Longevity
Longevity was determined at 29°C in continuous light. For each experimental group, 25 females and 25 males were taken to measure mean longevity. This was done by scoring the vials for deceased individuals at regular intervals (three times a week). Longevity (in days) of an individual fly was taken as the midpoint between two successive scorings. In this way mean longevity could be calculated over all individuals for each group and sex. Vials, containing 5 ml of standard food, were renewed for practical reasons only once a week. Escaped flies and accidental deaths were replaced throughout the experiment by reserve flies. In this way, the total number could be maintained at 25 individuals, except for the D50 and AB groups, where numbers fell below 25 because of a high number of accidental deaths (Tables 2 and 4 ). Because of detrimental effects of mating (Partridge, 1986; Service, 1989) and of higher adult densities (Boulétreau-Merle, 1988 ) on longevity, flies were housed singly and as virgins throughout the experiment.
Starvation resistance
Starvation resistance was measured as total survival time in vials containing only agar (for preventing desiccation) at 25°C in continuous light. Twice a day vials were scored for deceased individuals and survival time (h) was taken as the midpoint between two successive scorings, similar to the longevity assays. For each experimental group and sex, starvation resistance was measured for 25 individuals. Flies were aged (in groups of 5) for about 28 days before starvation resistance was measured. This was done because starvation resistance (Service et a!., 1985) and relative fat content (Fairbanks & Burch, 1970 , 1974 increase with age for female D. melanogaster until a plateau value is reached for both characters at about 21 days of age. During the starvation test the flies were housed singly and as virgins because of detrimental effects of mating on starvation resistance (Service 1989) .
Two additional measurements on starvation resistance were carried out in experiment one. (1) Apart from measurements at age 28 days (age group 2), we measured the survival at about 15 days of age (age group 1), to see if differences occurred between the density groups on reaching the plateau value of starvation resistance. Twenty-five individuals of each sex were used, except for group D350 (age group 1), where only 19 individuals could be taken. (2) Because of the positive correlation between time to eclosing and crowding, starvation resistance at higher densities (>150 eggs) was measured for flies which had eclosed when 25, 50 or 75 per cent of the total number of flies had emerged.
Relative fat content When a starvation resistance experiment was started, flies from each group were taken to determine the fat content. The relative amount of fat is a determinant parameter for survival time without food (David et al., 1975a,b; Service 1987) . Samples were weighed and dried (killed) at 70°C for about 48 h and weighed again to obtain dry weights. The fat weight of these flies was measured using ether-extraction over a 24-h period ( In part A of the second experiment, developmental time significantly increased with a decrease in food level (Table 4 ; females F3,84= 1380.1, P<0.O0l; males F3,84= 1276.3, P<0.00l; SNK-test, AB<Al < A2 <A3). Adult body weight also decreased with decreasing food levels for both sexes (females, F3,19 = 56.1, P < 0.001; SNK-test, AB > Al > A2 > A3; males, F319= 16.0, P<0.00l; SNK-test, Al =AB=A2>A3). These effects were approximately the same as those observed for larval crowding in experiment 1. Similar results were found by Economos & Lints (1984a) .
However, viability and adult longevity were affected differently compared to larval crowding. Although Table 4 Means and standard deviations (in parentheses) of adult longevity (n, number of adults) pre-adult developmental time (n, number of vials) and adult body weight (n, number of replicates) in experiment 2 difference in weight before (dry weight) and after (fatfree dry weight) extraction is the adult fat weight. The relative fat content was given as the ratio of fat weight to wet body weight. Each sample consisted of five flies and for each group, five replicates were taken, except for some groups in experiment 1 where only two to four replicates could be taken (Table 6 ). In one case (age group 1, D350; Table 6 ) no flies at all could be obtained for fat assays, because of the shortage of flies.
All weights were measured to the nearest 0.001 mg. Angular transformation was applied to the relative fat content data for statistical analysis.
Data analysis
To ascertain whether larval density and/or food level variation had significant effects on the above mentioned parameters, analyses of variance (one and two-way ANOVA) were carried out. Differences between experimental groups were tested for significance using the Student-Newman-Keuls procedure (SNK-test, corrected for unequal sample sizes; Sokal & Rohif, 1969) .
Results
Adult longevity (Table 2) increased significantly with increasing larval crowding for both females and males (respectively: F383 =7.09, P<0.00l and F388=5.08, P< 0.01; SNK-test, D50 =D150 =D250 <D350).
Moreover, as commonly found for crowding, it also significantly affected developmental time, adult body weight and viability. Developmental time was increased for both females and males (Table 2 ; respectively: F354 = 771.8, P< 0.001 and F354 = 477.4, P< 0.001; SNK-test, D50 <Dl 50 <D250 <D350). Adult body weight decreased for females and for males with increasing crowding levels ( Table 2 ; respectively: F342 = 56.8, P< 0.001 and F347 = 87.7, P< 0.00 1; SNK-test, D50 > D150 > D250 > D350). Viability decreased significantly with increased crowding (Table   3 ; F5=97.9, P<0.00l; SNK-test, D50>D150> D250=D350). there was a decrease in viability with decreasing food levels (Table 5; F383 =4 .95, P<0.01), only group A3 differed significantly from group AB (SNK-test). This reduction in viability, however, was considerably less severe than for larval crowding (Table 3) . For females adult longevity was significantly affected by decreasing food levels (Table 4 ; F391 = 4.05, P <0.01), however, female longevity was not increased as for larval crowding in experiment 1. On the whole female longevity was slightly reduced as compared to the control (SNK-test, AB = Al = A3 > A2). Male longevity was increased by about 2.5 days with decreasing food levels ( However, this reduction in body size was only about 11 per cent for females and about 5 per cent for males, as compared to about a 30 per cent reduction in body size for both sexes in the larval crowding experiment (Table 2) . Apparently, by keeping yeast/egg levels constant, the effects of larval crowding on developmental time could be overcome, whereas some residual effect of crowding on body size remained (see also Economos & Lints, 1984a) . Viability was reduced at higher larval densities but again less severely than for the larval crowding experiment ( because the latter group showed a 6-day higher longevity in females and an 11-day higher longevity in males as compared to the former group.
Adults from group C showed about half the body size of the control group (Table 4 ; females t8 = 21.6, P<0.001; males t8=30.9, P<0.001). Similar results were found by Bakker (1961) . The developmental time (Table 4) was somewhat reduced (about 6 h) for both sexes (females t43 = 4.27, P <0.001; males t43 = 2.72, P <0.01). This effect probably resulted from the lower larval density in group C as compared to group AB. The survival of larvae transferred after 60 h did not differ greatly from the viability of eggs in the control group (AB; t39= 0.98, P<0.40). As about 20 per cent of the young larvae die during the first 60 h of development, the actual egg-to-adult survival of group C must have been considerably lower. Assuming that almost all mortality occurs during these first 60 h, the actual eggto-adult survival in group C was estimated by viability group AB >< viability group C is 0.8 15 x 0.816 = 0.67.
The longevity of group C adults of both sexes was increased compared to the control (Table 4) , this effect was significant for males (t48=4.76, P<0.001) but not for females (t40 = 1.39, P< 0.20).
Starvation resistance (Table 6 ) of female and male flies increased with increasing larval crowding for age groups 1 and 2 (age group 1, females F393 = 15.1, P< 0.001; SNK-test, D50 <D150 D250 =D350 and D150<D350, and males F393= 88.8, P<0.001; SNK-test, D150 =D50 <D250 =D350; age group 2, females F3,249 = 8.67, P< 0.00 1; SNK-test, D50 = Dl50 <D250 = D350, and males F3249 = 38.8,
P<0.001; SNK-test, D50 <D150 <D250 <D350).
The 'time of eclosing' had a significant effect on starvation resistance of females (Table 6, age group 2; F2,249 8.16, P< 0.00 1): later females survived longer than early emerging females. There was no suggestion Fig. 1 ), which means that the fat content at the beginning of the starvation period determines to a large extent the total survival time without food (David eta!., 1975a (David eta!., ,b, 1983 . In this way differences between the sexes in starvation resistance could be explained by the differences in fat content between the sexes (Table 6, Fig. 1) .
Reduction of food levels (exp. 2, part A) resulted in a significant increase in starvation resistance (Table 7) for males (F399= 12.3, P<0.001; SNK-test, AB<A1-A3 and A3 > AB-A2), but had no significant effect on female starvation resistance (F399 = 0.43, P < 0.80). The fat content in this part of experiment 2 was significantly affected in both sexes by a decreased food level (Table 7 ; females F3,19=7.37, P<0.0l; males F3,19= 5.36, P<0.0l) . For females group A3 had a significantly higher fat content than groups AB to A2 (SNK-test), while for males group AB had a significantly lower fat content than groups Al to A3 (SNKtest).
Where yeast/egg levels were kept constant (exp. 2, part B) starvation resistance in males was increased with increasing larval density ( Table 7, F399= 11.7, P<0.00l; SNK-test, AB=B1 <B3=B2). Also for females starvation resistance was significantly affected by larval density (F399 7.86, P< 0.001). Females of group B 1 had an exceptionally low survival time (SNKtest, B 1 <AB =B2 = B3), but, in general, the resistance in high density groups (B2-B3) was greater than in low density groups. The fat content increased with increasing ltirval density for both sexes (Table 7) and was significant for males (F3,19 = 17.7, P< 0.001; SNK-test, AB=Bl<B2B3) but not for females (F3,19=0.97, P <0.50).
As in experiment 1, females showed a greater starvation resistance than males in both parts of experiment 2 (Table 7) . Again starvation resistance and relative fat content were positively correlated (r= 0.93, P <0.001; Table 7 , Fig. 1 ) and differences between the sexes in starvation resistance were reasonably well explained by differences in fat content (Fig. 1) .
In males, adults of group C had a significantly higher starvation resistance (t48 = 4.60, P < 0.001) and fat content (t8= 10.6, P<0.OOl) compared to the control (Table 7) . Although female starvation resistance of group C adults was somewhat lower than the control flies (Table 7) , no significant differences between these groups existed with respect to starvation resistance (t48=1.81, P<0.l0) and fat content (t80.35, P <0.80). The observed data for group C males and females fit reasonably well into the perceived relationship between starvation resistance and fat content (Fig.  1) . Apparently, different developmental conditions do not change the physiological dependence of starvation resistance on the relative fat content.
From these results it becomes apparent that there was no unequivocal relationship between pre-adult developmental time and adult longevity (Fig. 2) . Developmental time (hi Fig. 2 The relation between developmental time and adult longevity using the data for both sexes and experiments.
(0) Female, (.) male.
Although for the larval crowding experiment (exp. 1) a positive correlation existed between developmental time and longevity (Table 2 , Fig. 2 ), no such correlation was found in the second experiment (Table 4 , Fig. 2 ). On the one hand, in part A when developmental time was increased, adult longevity was not seriously altered while in part B developmental time was virtually unchanged but adult longevity was increased. Figure 3 shows that the data revealed a distinct negative correlation between viability and adult longevity (r= -0.59, P<0.O1; Fig. 3 ). Data points of group D50 deviated strongly from this correlation (Fig. 3) , however, it should be stressed that this group had an exceptionally high viability (compare group AB, Table 5 ).
A positive correlation was found between starvation resistance and adult longevity (females r= 0.60, P<0.05; males r=0.77, P<0.01; Fig. 4 ) when all experiments were combined: greater adult longevity was accompanied by greater starvation resistance. Although females showed a greater starvation resistance than males, the slope of regression lines is more or less the same for both sexes, indicating a similar underlying relationship in both males and females.
Discussion
Both Miller & Thomas (1958) and Lints & Lints (1969) have shown that larval crowding increases adult longevity. This observation was long taken as support for the developmental theory of ageing because of the negative correlation between life-span and develop-0.6 0.8 .0
Viability Fig. 3 The relation between viability (egg-to-adult survival) and adult longevity using the data for both sexes and experiments. (0) Female, (•)male.
Starvation resistance (hi Fig. 4 The relation between starvation resistance and adult longevity using the data for both sexes and experiments. For the starvation resistance of density groups of experiment 1 the mean survival time of age group 2 is taken (Table 6 ).
(0)Female, (•)male.
mental rate (Lints & Lints, 1971a,b; Lints, 1978 Lints, , 1985 . However, Economos & Lints (1984b) showed that adult longevity in fact depended in a biphasic (parabolic) way on growth rate, and that duration of development was not a causative factor of life-span. This parabolic relationship between growth rate and life-span was found both through the manipulation of added yeast and larval crowding. However, when the growth rate is calculated from our data, using the same methods as Economos & Lints (1984a,b) , no consistent relation at all was found between adult longevity and growth rate for either experiment (Fig. 5 ). David and co-workers (1971) also did not observe such a relation: dilution of food resulted in a large increase in developmental time, and consequently a decrease in growth rate, but had no clear effect on adult longevity. This latter finding is in good agreement with our results of food level reduction (Table 4 ).
This clear-cut difference in results on growth rate and life-span might be explained by the experimental design used by Economos & Lints (1 984b) . Variation in growth rate was obtained by varying yeast amounts added on top of the medium (Economos & Lints, 1984a) , whereas in our experiments all the yeast was mixed through the medium. This might cause some significant differences between the results because other parameters, e.g. viability and developmental time, are affected differently in the two experimental designs.
However, from their experiments on the relation between developmental temperature and life-span Economos & Lints (1986) Fig. 5 The relation between growth rate and adult longevity using the data for both sexes and experiments. Growth rate is defined as the ratio of mean adult body weight to mean developmental time (Economos & Lints, 1984b show an increase in adult longevity because of a breakdown of homeostasis resulting from abnormal development. Indeed it has been shown that very low viability is accompanied by low longevity (Economos & Lints, 1 984b, 1986) . It also should be noted that not all adult fitness characters will necessarily be increased by viability selection. For instance, it is well known that female flies grown under crowded conditions have a lower total lifetime fecundity than uncrowded females (Lints & Lints, 1969; Prout & McChesney, 1985) , probably because of their smaller body size. However, recently Quitana & Prevosti (1990) have shown that resistance to high temperature in D. subobscura was improved for adults grown under larval crowding, which indicates that improvement due to larval crowding applies to many adult fitness traits.
2 During the pre-adult stage a change in adult physiology is induced, resulting in increased fat content. This may be caused by a change in food quality and availability when the larvae develop and alter the medium, or may be caused by differences in adult gene regulation through gene-environment interaction. As a consequence of these changes longevity is increased. This increase could be the direct consequence of an increased fat content. In ageing individuals many normal body functions, such as food intake, are impaired and, consequently, relative fat content will determine the total duration of adult life, because it principally detennines survival time without food (David et al., 1975a,b; this study) . Starvation during the senescent period need not necessarily exhaust all fat. It is possible that only maintenance fat reserves are used. This may explain the different results for females and males (Fig. 4) because there is evidence that males use more (64 per cent) of their total fat for maintenance than females (19 per cent) (Geer et al., 1970) . Little is known about the precise physiological changes during ageing and the exact causes of death in Drosophila, yet this type of information is crucial for the above mentioned hypothesis. Therefore, further experimental research into the relationship between starvation and longevity is needed to test the validity of our hypothesis.
Selection for longevity in Drosophila, through the age at reproduction, has been shown to be successful only when uncontrolled high larval densities were used (Rose, 1984; Luckinbill & Clare, 1985) . The selected long-living phenotype is only expressed at higher larval densities, and it has been suggested that the physiological mechanism for this density-threshold is rooted 'in the complex of physical effects and feeding relationships that develop as burrowing larvae alter the medium and mature (Luckinbill & Clare, 1986) . It has been suggested that this gene-environment interaction during the larval period is responsible for programming the eventual beginning of the senescent period (Arking, 1987) . It is possible that the density-threshold for the expression of longevity in selected lines could be the result of an increased fat content in high density groups, as in our experiments. This may imply that either there is no onset-programming of adult senescence at the larval stage, or that the programming of senescence is reflected in a change in adult physiology, and especially in a change in fat content and starvation resistance in the adult stage. It is thus interesting to note that in lines of D. melanogaster selected for postponed senescence (Rose, 1984) , both starvation resistance (Service et al., 1985) and fat content (Service, 1987) were increased. In conclusion it can be stated that pre-adult developmental time and growth rate do not explain the observed variation in longevity found in our experiments. Our data, however, make it plausible that changed adult physiology and/or viability selection can explain the observed differences in adult longevity and starvation resistance (fat content).
